Embedding nanoparticles into an inert material like graphene is a viable option since hybrid materials are more capable than those based on pure nanoparticulates for the removal of toxic pollutants. This study reports for the first time on Cr(VI) removal capacity of novel starch stabilized nanozero valent iron-graphene composite (NZVI-Gn) under different pHs, contact time, and initial concentrations. Starch coated NZVI-Gn composite was developed through borohydrate reduction method. The structure and surface of the composite were characterized by scanning electron microscopy (SEM), X-ray diffraction spectroscopy (XRD), Fourier transform infrared spectroscopy (FTIR), Brunauer-Emmett-Teller (BET), and point of zero charge (pHpzc). The surface area and pHpzc of NZVI-Gn composite were reported as 525 m 2 g −1 and 8.5, respectively. Highest Cr(VI) removal was achieved at pH 3, whereas 67.3% was removed within first few minutes and reached its equilibrium within 20 min obeying pseudo-secondorder kinetic model, suggesting chemisorption as the rate limiting process. The partitioning of Cr(VI) at equilibrium is perfectly matched with Langmuir isotherm and maximum adsorption capacity of the NZVI-Gn composite is 143.28 mg g −1 . Overall, these findings indicated that NZVI-Gn composite could be utilized as an efficient and magnetically separable adsorbent for removal of Cr(VI).
Introduction
Chromium generally exists as the earth's sixth most prominent transition metal [1] . Chromite (FeCr 2 O 4 ), crocoite (PbCrO 4 ), and chrome ochre (Cr 2 O 3 ) are some of the naturally occurring chromium sources on earth [2] . Both natural and anthropogenic activities may release Cr into surrounding environment. Ultramafic soils such as serpentine may release Cr into water [3, 4] . Many different types of anthropogenic uses such as leather tanning, electroplating, manufacturing of various alloys, mining, cement, metal processing, textile, wood preservation, production of paint pigments, and dye are responsible for releasing Cr into the environment [5, 6] .
Chromium contamination in water results from its two stable oxidation forms, Cr(III) and Cr(VI) [7] . In terms of chemical and toxicological characteristics, each form of Cr has unique properties relative to each other. Cr(III) is less toxic and can form complexes with hydroxides at typical groundwater pH to form Cr(OH) 3 , making it immobile [8] . Cr(III) is one of the essential trace elements in human metabolism and it regulates blood glucose and cholesterol levels [9] . Cr(VI) is highly soluble and extremely mobile in hydrosphere [10] . Human exposure of Cr(VI) at high doses results in liver and kidney damage, diarrhea, nausea, dermatitis, respiratory problems, irritation, and ulceration of the nasal septum [11] . In comparison, Cr(VI) is about 300 times more toxic than Cr(III) and is categorized as carcinogenic and mutagenic [12] . Taking the toxicity into consideration, United States Environmental Protection Agency (USEPA) has established the regulations for discharge of Cr(VI) and total Cr into surface water to be below 0.5 and 2 mg L −1 . Further, maximum permissible level of total Cr in drinking water has 2 Journal of Nanomaterials been set as 100 g L −1 by USEPA [13] , whereas World Health Organization (WHO) has set total Cr in drinking water as 50 g L −1 [14] . Unlike most of organic pollutants, metal ions including chromium are not easily biodegradable and hence can accumulate throughout the food chain [15] . Many techniques such as chemical precipitation, ultrafiltration, ion exchange, constructed wetlands, adsorption, and reverse osmosis have been developed for removing such metal ions from aqueous medium [16] [17] [18] . Mohan et al. [9] have studied the Cr(VI) remediation from water using oak wood and oak bark chars produced from fast pyrolysis. Maximum uptake of 312.52 mg g −1 of Cr(VI) by agricultural waste "maize bran" was observed by Hasan et al. [19] . Further, anion exchange resin of DEX-Cr has been successfully used to remove Cr(VI) and maximum removal was achieved at pH of 3 [20] .
Recently, iron nanostructures have gained good reputation as highly efficient material for the remediation of various heavy metal ions [21, 22] . Nevertheless, the easy oxidation and rapid agglomeration result in major challenges when using these nanomaterials [23] . To overcome these challenges, embedding nanoparticles into some inert material like graphene is a viable option [24, 25] . The term "graphene" is defined as a single carbon layer of the graphite structure [26] . Owing to unique and extraordinary properties such as a large dimension in plane, large specific area, and high degree of sp 2 -bonded carbon region, graphene is able to retain and well disperse the nanoparticles [27] . Additionally, superior conductivity of graphene provides more efficient electron transfer between nanoparticles and targeted pollutant [26] . In this sense, graphene-based nanomaterials have become the focus of many researches [28, 29] .
Several studies have been conducted for graphene nanoparticle composites for environmental remediation. A study by Wang et al. [30] revealed that nanoscale zero valent iron reduced graphite oxide composite successfully and removed As(III) and As(V) from the aqueous solution with a capacity of 35.83 and 29.04 mg g −1 , respectively. Recently, NZVI-Gn composite was found to be well adsorbing Co(II) with a capacity of 131.58 mg g −1 [31] . Amongst the studies, one study reports that the NZVI-Gn composite removes Pb(II) ions with adsorption capacity of 181.04 mg g −1 ; however, the authors have used non-stabilized NZVI to form the graphene composite [24] . Such NZVI can quickly be oxidized due to its strong oxidizing ability and no coating is present to prevent it. Hence, it is better to use a coated NZVI so that it may not oxidize fast and that will lead to a higher reaction capacity [22] . Stabilizing agents such as starch would act as a strong foundation for preventing oxidation probability of NZVI. Therefore, making a composite by using starch stabilized NZVI could be a viable option in terms of stability compared to the nonstabilized materials under environmental conditions. There is little available information on Cr(VI) removal by stabilized NZVI-Gn composite. However, a study by Jabeen et al. [23] 
Materials and Methods

Preparation of Graphene Oxide (GO).
The vain graphite powder from Kahatagaha ore in Sri Lanka (99.9% purity, ≤38 m) was oxidized using the concentrated acid mixture of H 2 SO 4 and 40% H 3 PO 4 (9 : 1 volume ratio). After that, 3 g graphite flakes and 18 g of KMnO 4 were gradually added to the mixture [32] . The reaction mixture was then heated at 50 ∘ C with continuous agitation overnight. After cooling, 500 g of ice and 5 mL of 30% H 2 O 2 were added and the mixture was centrifuged. The suspended solid material was then washed in succession two times by water, 30% HCl, ethanol, and ether. After washing, suspension was vacuum dried overnight at 60 ∘ C to obtain the solid graphite oxide.
Synthesis of the NZVI-Gn.
NZVI-Gn was synthesized according to the method described by Wijesekara et al. [22] with some modifications. 100 mL of 0.5 M sodium borohydride solution (made from NaBH 4 ) was added dropwise into a flask containing 100 mL of 0.14 M ferrous sulfate solution (made from FeSO 4 ⋅7H 2 O) to reduce Fe(II). Synthesis was done under continuous stirring in inert environment. Borohydride addition was completed in ∼2 h to control particle size. In addition, 50 mg of graphite oxide and 5% (w/w) starch were added to the ferrous sulfate solution. An additional 10 mL sodium borohydride was added and the mixture was stirred under a nitrogen gas flow to avoid dissolving oxygen for 15 min to complete the reaction. The precipitated NZVIGn slurries were transferred to the centrifuged tubes and sealed them with parafilm immediately inside the chamber. Then, the NZVI-Gn particles were separated by centrifugation at 2500 rpm for 10 min and washed by resuspending the material in absolute ethanol. This procedure was repeated three times. After the final centrifugation, composites were dried in a freeze dryer for approximately 45 min, and prepared composites were stored below 4 ∘ C. Figure 1 illustrates the way in which NZVI-Gn composite was produced. Further, it is observed that synthesized NZVI-Gn composite was magnetically separable (Figures 2(a) and 2(b)).
Characterization.
The morphologies of developed NZVI-Gn composite were characterized by SEM (FEI Quanta 200 environmental scanning electron microscope) and scanning electron microscopy combined with electron dispersive spectroscopy (SEM-EDX) analyzed elemental mapping of the NZVI-Gn composite. XRD patterns were obtained using a Regaku Ultima VI X-ray diffractometer using Cu ( = 1542Å) radiation. FTIR spectra were Sodium borohydride, ferrous sulfate, starch, and synthesized graphite oxide were used for producing NZVI-Gn particles.
solution which contains graphite oxide, starch, and ferrous sulfate.
The precipitated NZVI-Gn slurries were washed by absolute ethanol in a glow box. Next, NZVI-Gn particles were separated three times by min. After that, centrifuged tubes containing composites were sealed with parafilm immediately inside glow box and they were put into the freeze drier bottles.
Composites were dried in a freeze drier and prepared composites were stored in a refrigerator.
Before making solutions, distilled water was purged by using Afterward, borohydride addition was completed in ∼2 h to the centrifugation at 2500 rpm for 10 Journal of Nanomaterials obtained using a FTIR spectrometer (BRUKER Tenor 27 FTIR-ATR). BET was studied to measure the specific surface area of the NZVI-Gn composite and measurements were obtained using a surface area analyzer. Surface titration was carried out to determine pHpzc of the NZVI-Gn composite.
Chromium (VI)
Removal by the Composite. Potassium dichromate (K 2 Cr 2 O 7 ) was purchased from Vickers Laboratories, UK. All experiments were performed in duplicate and under nitrogen atmosphere. The preliminary experiments were conducted for the pH range of 3 to 9 and desired pH value was adjusted by adding nitric acid or sodium hydroxide solutions. For the kinetic study, the concentrations of the NZVI-Gn were maintained at 0.25 g L −1 and initial Cr(VI) solution concentration was kept in 50 mg L −1 with initial pH value of 3. The mixed solutions were stirred on a mechanical shaker (EYELA B603 shaker) with a shaking speed of 100 rpm at room temperature (∼25 ∘ C). Aliquots of samples were taken at certain time intervals, 2, 5, 10, 15, 20, 30, 45, and 60 min, and analyzed immediately after being filtered through a 0.45 m filter membrane. The concentration Cr(VI) was determined by following 1,5-diphenylcarbazide method and absorbance was recorded in UV-Visible Recording Spectrophotometer (UV-160A) at 540 nm. The adsorption isotherms were investigated by different models with Cr(VI) concentration ranging from 10 to 60 mg L −1 under initial pH value of 3 for 1 h.
Results and Discussion
Characterization of NZVI-Gn
Composite. SEM was used to study the morphology of developed NZVI-Gn composite (Figure 3(a) ). These images show that the sheet like structure of graphene has been perfectly developed. Apparently, aggregates of zero valent iron nanoparticles are uniformly distributed throughout the smooth graphene surface. Figure 3 (b) reveals the changes in XRD patterns during the of NZVI-Gn composite development. The peak which appeared at 9.65 ∘ (001) indicates the successful development of graphene oxide [33] . The peak at 2 = 44.71 ∘ (001) exhibits the formation of the final product, NZVI-Gn composite. Furthermore, the average particle size of the NZVI-Gn composite was found to be 24.17 nm based on Scherrer's equation at the peak at 2 = 44.71
∘ . Figure 4 (a) depicts the FTIR spectra of NZVI-Gn composite and GO. The FTIR spectra showed that some peaks were shifted or disappeared and new peaks were also detected. In GO spectrum, absorption peaks at 868, 1037, and 1223 cm −1 corresponded to the asymmetric stretching modes of C=C bonds, alkoxy C-O, and epoxy C-O stretches, respectively [23, 34] . The peak at 1407 cm −1 can be assigned to COO-symmetric vibration [35] , whereas peaks at 1624 and 1731 cm −1 correspond to skeletal vibrations of unoxidized graphitic domains (C=C) and C=O stretch in carboxylic acid or carbonyl moieties [36] . The broad absorption peaks at 3000-3500 cm −1 can be attributed to the stretching of O-H. Comparing the spectra before and after oxidation into the NZVI-Gn composite, most of the oxygen containing functional groups disappeared. The absorption peak at 1407 cm decreased, exhibiting the reduction of GO [35] . The new peaks around 2680-2900 cm −1 are corresponding to the stretching vibrations of C-H [34] , whereas the peaks at 1131 and 1266 cm −1 may be due to the C-O stretch by nonoxidized residual surface oxygen species. The bands which appeared at 678 and 610 cm −1 can be attributed to the stretching vibration modes of Fe-O due to surface oxidation of zero valent iron nanoparticles [33] .
The BET method indicates that the surface area of NZVIGn composite is 525 m 2 g −1 . Surface area of the NZVI has been studied by Wijesekara et al. [22] and is reported as 136 m 2 g −1 . Hence, it is obvious that zero valent iron decorated graphene sheets increased surface area approximately 4 times greater than NZVI. This enhancement in surface area for NZVI-Gn composite leads to increment of adsorption sites for Cr(VI) removal, as compared with NZVI.
The point of zero charge (pHpzc) is the pH at which the net charge on the surface is zero. This was found to be 8.5
for NZVI-Gn composite tested in this study (Figure 4(b) ). When pHpzc < pH of the solution, the NZVI-Gn composite surface will be negatively charged, whereas when the pHpzc > pH of the solution, the surface of the NZVI-Gn tends to be positively charged [37] . To the best of our knowledge, pHpzc of the NZVI-Gn composite was not reported in literature. However, a study by Sun et al. [38] assessed the pHpzc of the NZVI as 8.3.
Effect of Initial pH.
The initial pH of the solution is one of the key indices which determines the existing form of species and sorption behavior of adsorbent [19] . Figure 5(a) shows the variation in the removal efficiency of Cr(VI) by the NZVI-Gn composite as solution pH changed from 3 to 9. Apparently, it is noted that high efficiency of Cr(VI) removal, almost 100%, is achieved in acidic environment. Nevertheless, in alkaline environments, conspicuous decrease of Cr(VI) removal efficiency appeared and eventually fell to 80.84% at initial pH 9. Overall, it is obvious that NZVI-Gn composite is able to remove Cr(VI) in wide pH range to a great extent.
Generally, HCrO 4 − is the most abundant species of Cr(VI) at pH less than 6, whereas Cr 2 O 7 2− is highly available in concentrated Cr(VI) solutions at highly acidic pH. As pH increases above 6, CrO 4 2− and Cr 2 O 7 2− become the predominant form of Cr(VI). If solution pH rises above 7.5, CrO 4 2− is the stable form of Cr(VI) [36] . Hence, influence of solution pH on Cr(VI) removal can be described from the surface chemistry at the interface. Regardless of the prominent forms of Cr(VI), they all are negatively charged in the normal pH range.
More precisely, the pHpzc can be used to explain the effect of pH on the adsorption process. In general, when the pH of solution is below the pHpzc, the surface of the adsorbent is positively charged and it becomes negative if the pH is above the pHpzc. Thereby, it can be suggested that positive surface of NZVI-Gn composite under acidic medium is more attractive for Cr(VI). In other words, when the pH of solution is decreased, the density of the positive charged sites increases possibly due to the electrostatic forces between NZVI-Gn composite and negatively charged Cr(VI) species. Conversely, Journal of Nanomaterials at higher pH of solution, density of positive charge sites of NZVI-Gn composite surface decreases and results in slightly low adsorption due to repulsive force between adsorbent and negatively charged adsorbate.
Sorption Kinetics.
It is important to investigate the effect of adsorption kinetics to understand and predict the influence of reaction time on mobility and the retention of addition, decrease in sorption with time could be attributed to the electrostatic hindrance within the adsorbed negatively charged Cr(VI) onto the surface of NZVI-Gn composite.
Experimental kinetic data were fitted to pseudo-firstorder, pseudo-second-order, Elovich, parabolic diffusion, and power function models in order to understand the rate limiting factor. Table 1 summarizes the fitting results obtained from various nonlinear models. It can be noted that kinetics of Cr(VI) adsorption process are described well by the pseudo-second-order nonlinear model compared to other kinetic models applied in this study ( Figure 5(b) ). The predicted adsorption capacity ( ) determined by the pseudosecond-order model is 135.96 mg g −1 . The pseudo-secondorder model is based on the assumption of chemical sorption involving valence forces through sharing or exchange of electrons between the adsorbent and the adsorbate [9] . The adsorption kinetics best fitted the pseudo-secondorder model, suggesting that the adsorption occurs via a chemisorption interaction postulated between Cr(VI) and NZVI-Gn composite. Overall, the correlation coefficient (
2 ) values indicated that the best fitting order of kinetic models is determined to be pseudo-second-order > Elovich > power function > pseudo-first-order > parabolic diffusion. The experimental data secondly fitted well to the Elovich model, further confirming that Cr(VI) adsorption onto NZVI-Gn composite could be more inclined towards chemisorption mechanism.
Adsorption Isotherm and Distribution Coefficient.
The adsorption equilibrium data were correlated with different types of adsorption isotherm models. Table 2 (Figure 6(a) ). Langmuir model suggested that the adsorption of Cr(VI) occurs on a homogeneous surface by monolayer adsorption, and no interaction happens between adsorbed species [39] . Maximum adsorption capacity ( max ) determined by Langmuir model was 143.28 mg g −1 . The essential characteristics of Langmuir isotherm can be defined in terms of dimensionless constant separation factor, , as in the following equation: where is the Langmuir constant and is the initial Cr(VI) concentration in mg L −1 . Commonly, the value of > 1 adsorption is unfavorable, = 1 adsorption is linear, 0 < < 1 adsorption is favorable, and = 0 adsorption is irreversible [40] . Figure 6 (b) illustrates the variation in values for the adsorption of Cr(VI) by NZVI-Gn composite.
The reported values in this study were <1, confirming the favorable sorption in agreement with Langmuir model assumptions.
Possible Mechanisms for Cr(VI) Removal. Figures 7(a)
and 7(b) show SEM-EDX elemental mapping of NZVI-Gn composites before and after Cr(VI) adsorption and they clearly indicate the Cr(VI) adsorption onto the composite surface. Before the Cr(VI) adsorption, atomic percentages for carbon and iron in NZVI-Gn composite were 69.26 and 30.74%, respectively. However, after the Cr(VI) treatment, the percentage of carbon and iron in NZVI-Gn composite declined to 50.91 and 40.78, respectively, and it is followed by chromium with 8.31%, indicating successful adsorption of Cr(VI).
The possible mechanism of Cr(VI) removal is schematically described in Figure 8 . At the beginning, Fe(0) may be oxidized to Fe(II) while reducing Cr 2 O 7 2− into Cr(III) (see (2) , (3), and (4)). This redox reaction is highly favorable at highly acidic pHs, since Fe(II) state becomes dominated at low pHs. Further, the extraordinary electrical conductivity of graphene sheets enhances quick and continuous electron transfer [33] and, subsequently, high BET surface area of NZVI-Gn composite facilitates abundant sites for Cr(VI) to capture electrons [26] . Consequently, free Cr(VI) and Cr(III) forms could be immobilized on the graphene sheets through electron and cation interactions. Taking the above into consideration, it can be suggested that adsorption and reduction of free Cr(VI) ions by NZVI followed by immobilization on the graphene sheets may enhance the removal of Cr(VI) from aqueous medium. 
Conclusions
In summary, the ability of Cr(VI) reduction and removal using novel NZVI-Gn composites were studied. The composite was characterized by SEM, XRD, FTIR, BET, and pHpzc and the NZVI was found to be homogeneously impregnated onto graphene sheets with high surface area. The results revealed that NZVI-Gn composite achieved excellent removal efficiency under acidic environment. Kinetic study suggested that pseudo-second-order adsorption model is suitable to explain the adsorption behavior of NZVIGn composite so that the rate limiting factor could be a chemisorption process. Langmuir isotherm model provided a better correlation of the experimental equilibrium data, suggesting that the adsorption of Cr(VI) onto NZVI-Gn composite may involve a mono-layer process. More precisely, dual sorption and reduction followed by immobilization process may enhance Cr(VI) removal to a great extent. Thereby, the prepared NZVI-Gn composites provide an admirable alternative as an efficient and magnetically separable adsorbent for Cr(VI) removal from the environment. 
